taxonomy (Ariola 1902 (Ariola , ishii 1935 (Ariola , cressey and cressey 1980 , the effects of parasitic infections in cage-reared fish (Mladineo et al. 2008 , ruiz de Ybañez et al. 2011 , or the use of parasites as biological tags (MacKenzie 1983 , rodríguez-Marín et al. 2008 , Mladineo et al. 2010 . the research on large tunas is hampered by the high value of fish; therefore, the studies on the use of parasites as tags consider mainly examination of gills, head and viscera, because of their limited (or null) commercial value (lardeaux 1982 , lester et al. 1985 , Jones 1991 , rodríguez-Marín et al. 2008 .
the aim of this paper is to describe the metazoan gill parasites of T. thynnus from the Western and Eastern Mediterranean, comparing the results with data on T. thynnus from the central Mediterranean and the Atlantic ocean, and on T. maccoyii from the indian ocean and T. orientalis from the Pacific ocean, with the goal of evaluating the use of parasites as tags for studies on host biology and ecology. (table 1) . After landing, tunas were measured and weighed; the gills were extracted, labelled, stored individually in plastic bags and frozen at -20 °c.
MATERIALS AND METHODS
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in the laboratory, the gills were defrosted and examined by naked eye and under a stereomicroscope for metazoan parasites. the location of the parasites and possible pathological alterations were recorded according to Mele et al. (2012) , differentiating holobranchs left and right 1 to 4 (from the anterior-external to the posterior-internal); the microhabitat of each holobranch was divided into: gill rakers, gill arch, inner and outer surfaces of gill hemibranchs (Fig. 1 ).
Parasites were counted and stored in 70% ethanol. Monogeneans were identified following Palombi (1949) and chisholm and Whittington (2007) ; didymozoids according to ishii (1935 ishii ( ), guiart (1938 ishii ( ), Yamaguti (1970 , Pozdnyakov (1990) and Pozdnyakov and gibson (2008) ; and copepods following cressey and cressey (1980) and Kabata (1992) .
Prevalence (P%), mean abundance (MA) and mean intensity (Mi) of each parasite species were calculated according to Bush et al. (1997) . the confidence intervals for prevalences were calculated with the sterne exact method and the differences between prevalences were evaluated with Fisher's exact test. the confidence intervals for the mean abundances and mean intensities were calculated with the bias-corrected and accelerated Efron-tibshirani bootstrap, and their differences evaluated with the bootstrap rank Welch test (reiczigel and rózsa 2005) . statistical descriptors were computed and analyses carried out Abbreviations: gA -gill arch; gF -gill filament; gr -gill raker; iN -inner margin of gill filaments; oUt -outer margin of gill filaments. 
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with the free software Quantitative Parasitology 3.0 (reiczigel and rózsa 2005).
Parasite site-specificity was tested according to: (i) left and right gills; and (ii) gill rakers, arch, and inner and outer surfaces of hemibranchs (grouping corresponding regions of holobranchs as defined above). the dominant species of the parasite assemblages was evaluated with the Berger-Parker dominance index (d) (Magurran 2004) . the levels of infection with each parasite species were calculated dividing the hosts into four groups according to size: (1) small, fork length (Fl) < 50 cm; (2) medium-sized, Fl = 51-100 cm; (3) large, Fl = 101-150 cm; and (4) extra large, Fl = 151-230 cm. samples from the Western Mediterranean comprised the groups 1 (tyrrhenian sea), 3 and 4 (sea of sardinia), and all fish from the Eastern Mediterranean (levantine sea) were of the group 2 (table 1).
Parasite fauna dissimilarity was evaluated with the Marczewski-steinhaus distance and the Bray-curtis index, calculated using the r-software ('cc' and '-1' methods of the 'betadiver' function of the 'vegan' library, respectively, r Development core team 2012). these indices are complementary measures of the Jaccard and sorensen similarity indices, respectively (chao et al. 2005) ; the latter indices are almost equivalent, except that the second gives double weight to the positive co-occurrences (Dalirsefat et al. 2009 ). the use of their complementary measures allows forming agglomerative (bottom up) hierarchical trees, in which the groups with the lowest dissimilarity cluster to the bottom and the dimension of branches can be meaningfully associated with the distance between clusters (Bakus 2007).
culurgioni et al.: gill parasites of Thunnus thynnus
RESULTS
in the present study, 11 parasite species/taxa (all adults) were found in the gills of Thunnus thynnus from the Eastern and Western Mediterranean (table 2). Most of the parasites were didymozoid trematodes (88.2% of all specimens; n = 502) belonging to five species: Didymocystis reniformis, Didymosulcus wedli, Didymosulcus sp. 2 sensu, Didymozoon pretiosus and Wedlia bipartita. Four monogenean species (9.6% of all specimens): Capsala magronum; C. onchidiocotyle; C. paucispinosa and Hexostoma thynni; and two copepod species (2.2% of all specimens): Caligus coryphaenae and Pseudocycnus appendiculatus were also recovered. All parasite species listed above were found in the sample of large fish from the sea of sardinia, three species (D. wedli, H. thynni and P. appendiculatus) in the sample of extra large fish from the same locality, whereas only Didymosulcus sp. 2 was found in the sample of small fish from the tyrrhenian sea. Four didymozoid species (Didymosulcus wedli, Didymosulcus sp. 2, Didymozoon pretiosus and W. bipartita) were found in the medium-sized fish from the levantine sea. Didymosulcus wedli was the dominant species in the parasite assemblages in larger fish (medium-sized group, d = 0.54; large size group, d = 0.83; and extra large size group, d = 0.81), whereas Didymosulcus sp. 2 was the only species found in the small fish (small size group, d = 1.00).
overall, 84% of the gills examined harboured metazoan parasites. table 2 shows the parasite prevalence in the four Mediterranean host size-groups sampled in the present study in comparison with these in medium-sized T. thynnus sampled in the Adriatic sea by Mladineo et Yamaguti, 1970, P. appendiculatus and W. bipartita) showed differences between the Mediterranean groups. the prevalence of D. reniformis in the mediumsized fish from the Adriatic sea was higher than that in the large fish from the sea of sardinia (p = 0.01), whereas that of Didymosulcus sp. 2 in the small fish from the tyrrhenian sea was higher than in the remaining groups (p < 0.02). the prevalence of D. wedli in the small fish from the tyrrhenian sea was lower than in the medium-sized fish from the Adriatic sea and in the large and extra large fish from the sea of sardinia (p < 0.02). the prevalence of D. pretiosus in the medium-sized fish from the Adriatic sea was lower than in the medium-sized fish from the levantine sea and in the large fish from the sea of sardinia (p < 0.01).
the prevalence of H. thynni in the extra large fish was higher than in the medium-sized fish from the Adriatic and levantine seas (p < 0.02) and that of W. bipartita in the medium-sized fish from the levantine sea was higher than in the medium-sized fish from the Adriatic sea (p = 0.05). No species showed significant differences in prevalence between the medium-sized (levantine sea) and large (sea of sardinia) fish, and between the medium-sized (NE Atlantic) and the extra large (sea of sardinia) fish. Mean abundance data for the parasites found in the four size-groups examined in the present study and for the medium-sized T. thynnus from the Adriatic sea (Mladineo et al. 2008 ) and the NE Atlantic (rodríguez-Marín et al. 2008) are provided in table 2. the mean abundance of Didymosulcus sp. 2 was higher in the small fish from the tyrrhenian sea compared with that in the mediumsized fish from the levantine sea (p = 0.02), and the mean abundance of D. wedli was lower in the small fish from the tyrrhenian sea compared with that in the large-sized fish from the sea of sardinia (p < 0.01).
table 3 summarises the published data on gill parasites of the three bluefin tuna species (T. maccoyii, T. orientalis and T. thynnus) in six geographical regions. A presence/ absence matrix based on these data and the present results allowed an evaluation of the dissimilarity between the parasite faunas of the gills of the three hosts from different localities. Fig. 2 presents the results of the cluster analyses carried out using the two dissimilarity indices for the seven groups used in the analysis: (i) T. thynnus from the Eastern, central and Western Mediterranean, and from the NE and NW Atlantic; (ii) T. maccoyii from the indian ocean; and (iii) T. orientalis from the Pacific ocean. the parasite faunas of only two groups, i.e. T. thynnus from the NE Atlantic and the Western Mediterranean, exhibited very low levels of dissimilarity, whereas the faunas of the remaining five groups were largely dissimilar (Fig. 2) .
regarding the site-specificity of parasites on the gills, no significant differences in prevalence and mean intensity were observed between left and right gills. Fig. 3 shows the prevalence and mean intensity of the parasites in the different gill microhabitats. Hexostoma thynni was found on the gill filaments of the first and third holobranchs, with significantly higher prevalence on the outer margin of the gill filaments of the first holobranch than in all oth- in any other area of the gills (p < 0.01). capsalids, D. reniformis and Didymosulcus sp. 2, were located on the skin of the gill arches; C. coryphaenae was attached to the gill filaments of the 4th holobranch; D. pretiosus was found on the inner margin of the gill filaments of the 2nd to 4th holobranch; W. bipartita was located only on the gill rakers of the first holobranch; and P. appendiculatus was located on the gill filaments of the 2nd to 4th holobranchs. No severe pathological alterations associated with the presence of parasites were observed.
DISCUSSION
the metazoan parasite fauna of the gills of Thunnus thynnus includes a total of 22 species/taxa, with the richest fauna on fish from the Western Mediterranean (13 species), followed by the NE Atlantic (12 species), where most of the parasite species are shared (table 3) . the poorest parasite faunas of T. thynnus are from the NW Atlantic and the Eastern Mediterranean (5 and 4 parasite species, respectively), but this could also be related to the scarcity of studies in these two areas. Capsala interrupta (Monticelli, 1891) and Euryphorus brachypterus (gerstaecker, 1853), previously reported in the Western Mediterranean (table 3) , were not found in the present study, whereas Caligus coryphaenae, C. magronum and Didymosulcus sp. 2 are reported for the first time in this area. Thunnus thynnus is a new host for C. paucispinosa.
considering the other bluefin tuna species, T. thynnus shares five parasite species with T. maccoyii from the indian ocean, and 11 with T. orientalis from the Pacific ocean. Because the three bluefin tuna species are geographically isolated, the presence of common parasites could be due to a common extinct ancestor in the geographical range of the host species (chow and Kishino 1995), but also to the presence of other host species in the range of at least two bluefin tuna species, that allow the exchange of parasites .
in fact, most of the parasites of bluefin tunas have also been recorded in other tuna species (e.g. (silas 1962 (silas , cressey and cressey 1980 (silas , Mele et al. 2010 (silas , 2012 . on the other hand, some parasites seem to be strictly specific to T. orientalis, such as Didymosulcus crassa (ishii, 1935) and Hexostoma grossum (goto, 1894), and to T. thynnus, e.g. C. interrupta, Didymocystis sp. 3, and Didymosulcus sp. 2, although some of them could be more widely distributed among host species because they have been suggested as synonyms of other species (e.g. C. interrupta, C. maccallumi Price, 1939 and C. paucispinosa; H. grossum and H. thynni; Didymosulcus soleiformis ishii, 1935 and Didymosulcus sp. 2; W. bipartita and W. reniformis ishii, 1935) and thus require a taxonomic revision (chisholm and Whittington 2007, Pozdnyakov and gibson 2008) .
Thunnus thynnus is a migratory fish that can travel long geographical distances, the giant tunas being able to cross the Atlantic ocean (rooker et al. 2007) . the Mediterranean juvenile tunas (i.e. these of the small and the medium-sized group) seem to stay around their own breeding areas (Balearic, ionian, levantine and tyrrhenian seas), with local migrations to the feeding grounds in the gulf of lion, Adriatic sea, Aegean sea and ligurian sea, until reaching the size to migrate to the Atlantic ocean (Karakulak and oray 2009 (Karakulak and oray , tudela et al. 2011 (Karakulak and oray , sorell 2012 (Karakulak and oray , rooker et al. 2003 . these basins are characterised by different environmental conditions (garibaldi and caddy 1998) that can allow the occurrence of different parasite faunas. this can explain the differences between the small-sized group from the tyrrhenian sea and the medium-sized group from the Adriatic and levantine seas. similarly, differences in the environmental conditions between the Mediterranean and the NE Atlantic could explain the differences between the parasite assemblages of the juvenile tunas from the Mediterranean (i.e. smallsized group from the tyrrhenian sea and medium-sized group from the Adriatic and levantine seas) and the juvenile (medium-sized) fish from the NE Atlantic. once mature (i.e. large and extra large size-group), during the warm season tunas go back from the Atlantic and Mediterranean feeding grounds to the spawning areas (rooker et al. 2007) . the parasite assemblage of the large tunas from the sea of sardinia has the higher species richness among the host populations of the Mediterranean and the NE Atlantic, due to the presence of C. coryphaenae, C. magronum and C. paucispinosa, species not recorded in the juvenile tunas in these regions.
these parasites are frequently found in other species of tuna, such as Auxis thazard (lacépède), Euthynnus alletteratus (rafinesque), Katsuwonus pelamis (linnaeus), T. albacares (Bonnaterre), T. obesus (lowe), from the tropical Atlantic area (cressey and cressey 1980, chisholm and Whittington 2007) , suggesting that the large T. thynnus infected by these parasites could originate from the tropical Atlantic ocean. Unfortunately, no data are available on the gill parasites of T. thynnus from this area, although it is known that juveniles and adults of T. thynnus inhabit the waters along the NW African coasts and off canary and Azores islands in winter (De la serna et al. 2004) .
Furthermore, the prevalence and mean abundance of the populations of several parasite species in the large tunas of the sea of sardinia were lower than those in juveniles from the NE Atlantic and higher than those in juveniles from the Mediterranean (e.g. D. wedli, D. pretiosus, H. thynni and P. appendiculatus) . this suggests a composite school structure of this group, i.e. mainly formed by Mediterranean resident tunas (poorly infected), and by a number of tunas migrating from the Atlantic ocean (highly infected). Although the small sample sizes for the small and extra large size-groups from the Western Mediterranean has likely influenced the richness of their parasite assemblages, thus biasing the results, it is important to state that the high prevalence of some parasites (D. wedli, H. thynni and P. appendiculatus) in the extra large fish from the sea of sardinia (similar to that of the medium-sized fish from the NE Atlantic) suggests that most of the these tunas may have migrated from the NE Atlantic area.
several authors have described the use of parasites to separate populations and/or to study the migrations of T. thynnus (e.g. Walters 1980 , MacKenzie 1983 , Hogans 1985 , rodríguez-Marín et al. 2008 ). According to the general principle to select the parasites as tags illustrated by MacKenzie and Abaunza (1998) , several didymozoid parasites of the Atlantic bluefin tuna can be considered reliable tags to follow its migrations, because: (i) they showed differences of infection between localities; (ii) they exhibit high site-specificity; (iii) they are permanent parasites (sensu lester et al. 1985) and their remnants are recognizable in the host tissues well after their death; and (iv) the host cannot lose them when it migrates outside the endemic area of these parasites (lester et al. 1985) . Didymocystis sp. 3, Didymosulcus sp. 2 and K. apicalis may help distinguish T. thynnus from the endemic areas of these parasites (where each species has significantly higher prevalence) in the Atlantic ocean, Western Mediterranean and Adriatic sea. Moreover, D. pretiosus, D. reniformis and W. bipartita may help identify tunas migrating from the Mediterranean and the NE Atlantic to the NW Atlantic, because these parasites have not so far been reported in tunas from the latter area.
Apart from didymozoids, P. appendiculatus can be used to distinguish bluefin tuna populations from the NE Atlantic and the Western Mediterranean from those of the Adriatic and levantine seas, where this species is absent. some other parasites showed significant differences in infection levels between areas, but they do not fulfil the other requisites for biological tags, because they can be easily lost, and their microhabitat includes other locations apart from gills, e.g. the operculum and the surface of gill chamber for E. brachypterus, the mouth surface for capsalids and the digestive tract for C. thyrsitae (see rodríguez-Marín et al. 2008) . Finally, the lack of severe pathological alterations confirmed the results reported by Mladineo (2006) and Nowak et al. (2006) , which makes the use of the gill parasites of the bluefin tuna as tags more reliable (MacKenzie and Abaunza 1998) .
to conclude, the present study showed that the gills of tunas are infected by a rich metazoan parasite fauna that seems to be a promising tool to infer information on the host biology and ecology. Didymozoids are likely the most useful group to be used as tags, because they are permanent parasites and because of their site specificity, but also P. appendiculatus can be used with some caution. the main drawback of the use of didymozoids as tags is the limited knowledge of their taxonomy (Mladineo et al. 2010) . therefore, the first step crucial to allow effective these parasites as tags is to deepen the knowledge of their taxonomy, biology and ecology.
